The association between hyperglycemia and inflammation and vascular complications in diabetes is now well established. Antidiabetes drugs may alleviate inflammation by reducing hyperglycemia; however, the anti-inflammatory effects of these medications are inconsistent and it is unknown whether their beneficial metabolic effects are mediated via modulation of chronic inflammation. Recent data suggest that immunomodulatory treatments may have beneficial effects on glycemia, b-cell function, and insulin resistance. However, the mechanisms underlying their beneficial metabolic effects are not always clear, and there are concerns regarding the specificity, safety, and efficacy of immune-based therapies. Herein, we review the anti-inflammatory and metabolic effects of current antidiabetes drugs and of anti-inflammatory therapies that were studied in patients with type 2 diabetes. We discuss the potential benefit of using anti-inflammatory treatments in diabetes and important issues that should be addressed prior to implementation of such therapeutic approaches.
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The prevalence of diabetes is on the rise, with 415 million people affected worldwide according to recent data from the International Diabetes Federation (1) . This number is predicted to increase further, with 642 million people expected to develop diabetes by 2040. While many factors are known to contribute to the development of diabetes and its complications, the involvement of the immune system in the pathogenesis of metabolic diseases has been gaining interest. It has long been appreciated that inflammation is central to the pathology of the pancreatic islet in type 1 diabetes. However, growing evidence suggests that inflammation also plays an important role in the pathogenesis of type 2 diabetes, including obesity-related insulin resistance, impaired insulin secretion, and diabetes-related vascular complications. Pioneering studies suggest that immunomodulatory treatments may improve glycemia, b-cell function, and/or insulin resistance in patients with type 2 diabetes (2, 3) . These studies constitute a proof of concept that chronic inflammation is implicated in the pathophysiology of type 2 diabetes, and therefore targeting inflammation may ameliorate diabetes, preventing its progression and vascular complications. However, the effects of immunomodulatory treatments are not limited to tissues involved in disease pathophysiology and thus might have unwarranted side effects. Moreover, current antidiabetes drugs may alleviate systemic and tissue-specific inflammation (4) (5) (6) (7) (8) (9) (10) (11) (12) , and therefore the added value of using specific immunomodulatory treatments needs to be confirmed. Herein, we review the anti-inflammatory and metabolic effects of standard antidiabetes medications and of novel anti-inflammatory treatments. We further discuss issues that should be addressed prior to implementation of immune-based therapy in the treatment of diabetes.
Role of Inflammation in Metabolic Disorders
Multiple mechanisms are thought to contribute to b-cell dysfunction, insulin resistance, and vascular complications of diabetes. They have previously been extensively reviewed and are beyond the scope of the current review (13) . We briefly refer to several key mechanisms regulating inflammation in diabetes and their translational implications. In diabetes, hyperglycemia and elevated free fatty acids may promote inflammation by stimulating glucose utilization along with alterations in oxidative phosphorylation (3, 4, 14) . Such metabolic dysregulation has been shown to induce a proinflammatory trait in macrophages residing or invading the adipose tissue and other tissues including the islets and vasculature (15-19). Glucotoxicity and lipotoxicity might also exert oxidative and endoplasmic reticulum stress, which in turn elicits an inflammatory response by activating thioredoxin-interacting protein (TXNIP) and the NLR family, pyrin domain containing 3 (NLRP3) inflammasome, which increase the release of active interleukin (IL)-1b (3, 4, 14, 18, 20) . IL-1b further amplifies inflammation by inducing the expression of various cytokines and chemokines, resulting in the recruitment of immune cells including macrophages ("auto-stimulation") (21). Similar mechanisms have been reported in diabetic b-cells, adipose tissue, and blood vessels (18, 20, 22, 23) . In type 2 diabetes, oligomers of islet amyloid polypeptide deposit in the pancreas and may trigger inflammation by stimulating the NLRP3 inflammasome and the generation of mature IL-1b (24). Stress and inflammation may eventually lead to apoptosis and contribute to b-cell dysfunction, insulin resistance, and atherosclerosis.
In addition, obesity is associated with alterations in the gut microbiome along with increased gut leakiness of bacterial wall lipopolysaccharides (endotoxins) that may further promote tissue inflammation (25,26). Endotoxins, free fatty acids (probably in conjunction with fetuin), and cholesterol induce inflammation by activating Toll-like receptor (TLR) pathways and, subsequently, nuclear factor-kB (NF-kB)-mediated release of a broad range of cytokines and chemokines including tumor necrosis factor (TNF), IL-1b, IL-8, and MCP-1 that promote the accumulation of various immune cells in different tissues (17,18). It has recently been reported that in obesity, alterations of the gut microbiome might stimulate not only the innate immune system but also the adaptive immune system, which might contribute to insulin resistance (27). Adipose tissue inflammation can also be triggered by local hypoxia caused by rapid expansion of adipose tissue with insufficient vascular adaptation (28).
The renin-angiotensin system may also play a role in inflammation, insulin resistance, and vascular damage (29-32). Recent data suggest that this system may have a role in islet inflammation and b-cell dysfunction, independent of its effects on glucose metabolism. Angiotensin II has been shown to induce expression of chemokine MCP-1 and IL-6, leading to impaired mitochondrial function and insulin secretion, as well as increased b-cell apoptosis (33).
These findings shed new light on the mechanisms of inflammation in obesity and diabetes and open new venues for prevention of inflammation by modifying the proinflammatory microbiota or by using inhibitors of the reninangiotensin system. Alternatively, it is possible to use treatments that target key molecules that regulate the inflammatory response.
Anti-inflammatory Properties of Antidiabetes Drugs
The link between nutrient metabolism and inflammation raises the hypothesis that correction of metabolic abnormalities by lifestyle modifications and/or antidiabetes medications may reduce inflammation, thereby improving b-cell function and insulin resistance while protecting against vascular complications, hence modifying the natural history of type 2 diabetes. The current available treatments for type 2 diabetes act through diverse mechanisms to improve glycemia. Many of these treatments also exert anti-inflammatory effects that might be mediated via their metabolic effects on hyperglycemia and hyperlipidemia or by directly modulating the immune system. Part of the findings as to the effects of different medications on systemic and tissuespecific inflammation was obtained in vitro or in animal models. Notably, in preclinical studies testing the antiinflammatory effects of antidiabetes drugs, the drug concentrations used were much higher than those used in clinical practice; therefore, the findings should be interpreted with caution. Below, we summarize the current data on the anti-inflammatory properties of antidiabetes medications (Table 1) .
Metformin
Currently the first-line treatment of type 2 diabetes, metformin improves diabetes control primarily by suppressing hepatic glucose production and by improving insulin sensitivity. Its effects are thought to be mediated in part though activation of AMPK, a key regulator of cellular energy homeostasis known to exert both anti-inflammatory and antioxidant effects (34). Metformin has also been shown to directly inhibit production of reactive oxygen species from complex I (NADH:ubiquinone oxidoreductase) of the mitochondrial electron transport chain. In lipopolysaccharideactivated macrophages, metformin inhibited production of the proform of IL-1b, while it boosted induction of the anti-inflammatory cytokine, IL-10 (35). Metformin has been shown to inhibit proinflammatory responses in vascular endothelial and smooth muscle cells (5, 36) . Recent reports have demonstrated that metformin may attenuate oxidized LDL-induced proinflammatory responses in monocytes and macrophages and inhibit monocyte-to-macrophage differentiation (37). In rodents, it decreased the expression of the proinflammatory and proapoptotic protein TXNIP in b-cells and hepatocytes (38) . In human studies, however, the effects of metformin on inflammation are not well established. In the U.S. Diabetes Prevention Program, metformin modestly reduced C-reactive protein (CRP) levels in patients with impaired glucose tolerance (39). Others found that metformin decreased the levels of several markers of endothelial dysfunction and coagulation but did not affect TNF-a or CRP (40). In the LANCET Trial: A Trial of Long-acting Insulin Injection to Reduce C-reactive Protein in Patients With Type 2 Diabetes, metformin did not modify the levels of inflammatory biomarkers in patients with recentonset type 2 diabetes, despite improved glycemia (41). Of note, recent studies suggest that metformin may have beneficial effects in chronic inflammatory diseases and cancers and may extend life span independent of its effects on glucose metabolism (42,43). Several clinical studies are currently assessing the effects of metformin in this context and whether these are mediated via modulation of the inflammatory state.
Sulfonylureas
While these agents directly stimulate insulin secretion by the b-cell, they have also been shown to have anti-inflammatory effects. As an example, glyburide has been shown to inhibit the NLRP3 inflammasome and subsequent IL-1b activation in macrophages (24,44). Similarly, gliclazide also decreased the expression of inflammatory markers and endothelial dysfunction in patients with type 2 diabetes (45). By contrast, in various comparative clinical trials, no significant changes in CRP were observed with sulfonylurea (SU) therapy, whereas significant reductions were found with the thiazolidinedione (TZD) pioglitazone and the glucagon-like peptide 1 (GLP-1) receptor agonist (GLP-1 RA) exanatide (46-48). In a recent 52-week comparative study examining the effects of metformin, gliclazide, and pioglitazone on markers of inflammation, coagulation, and endothelial function, no improvements were seen in inflammatory markers (IL-1, IL-6, and TNF-a) with SU therapy compared with the other treatments, while similar glycemic control was attained (49).
TZDs
Extensive data support the direct role of peroxisome proliferator-activated receptor (PPAR)g in the negative regulation of inflammation. TZDs are PPARg agonists that improve metabolism by increasing insulin sensitivity primarily by increasing glucose utilization and decreasing hepatic glucose production. In rodents, they may have direct protective effects on the b-cell against oxidative stress and apoptosis, which may contribute to preservation of b-cell mass (50). Despite extensive research, the precise mechanism(s) underlying the beneficial metabolic effects of TZDs are still not well understood and may involve stimulation of AMPK; both PPARg and AMPK are important regulators of inflammation (51). Indeed, TZDs have anti-inflammatory effects, which may affect both insulin resistance and cardiovascular risk. TZDs have been shown to decrease inflammatory markers in visceral adipose tissue, liver, atherosclerotic plaques, and circulating plasma (52). Pioglitazone treatment decreased invasion of adipose tissue by proinflammatory macrophages and increased hepatic and peripheral insulin sensitivity (53). Treatment with TZDs also decreased inflammation in nonalcoholic steatohepatitis and in atherosclerotic lesions (54,55).
Various clinical studies have examined the anti-inflammatory and antiatherogenic properties of TZDs. A meta-analysis showed that pioglitazone and rosiglitazone significantly decreased serum CRP levels in both people with and people without diabetes, irrespective of effects on glycemia (56). Treatment with TZDs improved endothelial function, decreased hs-CRP and inflammatory markers, and increased adiponectin levels (46,48,49,57-59). In a study using 18 F-fluorodeoxyglucose positron emission tomography imaging in subjects with impaired glucose tolerance or type 2 diabetes, pioglitazone treatment attenuated inflammation in atherosclerotic plaques (60). This was associated with increased HDL cholesterol level and decreased hs-CRP. This may explain the finding that treatment of subjects with type 2 diabetes with pioglitazone was associated with reduced cardiovascular morbidity (61).
Dipeptidyl Peptidase-4 Inhibitors
There is substantial evidence that dipeptidyl peptidase (DPP)-4 inhibitors can improve a variety of cardiovascular risk factors and inflammation (62-64). DPP-4 inhibitors were found to suppress NLRP3, TLR4, and IL-1b expression in human macrophages (65). High-fat dietfed obese rodents of advanced age treated with vildagliptin for 11 months had improved glucose tolerance, enhanced insulin secretion, and higher survival rate (9) . Furthermore, treatment with the DPP-4 inhibitor prevented peri-insulitis, typically observed in rodents fed a high-fat diet. In clinical studies, a potent anti-inflammatory effect has been reported with sitagliptin in patients with type 2 diabetes. Treatment with sitagliptin for 12 weeks reduced mRNA expression of CD26, TNF-a, TLR2, TLR4, proinflammatory kinases c-Jun N-terminal kinase-1 and inhibitory kB kinase, and inhibitor of chemokine receptor CCR-2 in mononuclear cells, as well as of plasma CRP, IL-6, and free fatty acids (10 . Of note, in these studies followup was relatively short, the patients already had established cardiovascular disease, and the studies were designed to show noninferiority rather than superiority. The findings should therefore be interpreted with caution.
GLP-1 RAs
GLP-1 RAs induce weight loss and improve glycemia and cardiovascular risk factors, which may be partially mediated by their anti-inflammatory effects. In patients with type 2 diabetes, treatment with GLP-1 analogs may modulate the proinflammatory activity of the innate immune system, leading to reduced proinflammatory activation of macrophages and consequently the expression and secretion of proinflammatory cytokines, such as TNF-a, IL-1b, and IL-6 and increased adiponectin (74) . With regard to the effects of GLP-1 analogs on CRP, a small placebo-controlled study demonstrated a significant reduction in CRP levels with exenatide (75) . In a 12-month comparative study, exenatide demonstrated a significant decrease in hs-CRP compared with SU (47). However, the effects of GLP-1 RAs on cardiovascular morbidity and mortality are currently unknown.
Insulin
Several studies have suggested that insulin may exert an anti-inflammatory response, independent of its effects on glycemia (76, 77) . Insulin has been shown to alleviate inflammation through several mechanisms, including increased endothelial nitric oxide release and decreased expression of proinflammatory cytokines and immune mediators, such as NF-kB, intracellular adhesion molecule-1, and MCP-1, as well as several TLRs (76) . In a randomized parallel-group study in patients with type 2 diabetes, serum concentrations of hs-CRP and IL-6 were markedly reduced in insulin-treated patients compared with metformin, despite similar glycemic control (78) . This may suggest that insulin reduces inflammation, irrespective of its effects on glycemia. In contrast, in LANCET, treatment with insulin compared with placebo or metformin did not provide an antiinflammatory benefit, despite improved glycemia (41). Similarly, in Outcome Reduction with an Initial Glargine Intervention (ORIGIN), insulin treatment did not affect cardiovascular mortality (79) . Overall, the findings as to the anti-inflammatory effects of insulin are controversial and inconclusive.
Sodium-Glucose Cotransporter 2 Inhibitors
Sodium-glucose cotransporter (SGLT) 2 inhibitors improve glycemia by inhibiting reabsorption of glucose in the proximal tubule of the kidney, inducing glucosuria and lowering plasma glucose levels. Currently, there are limited data available with regard to the antiinflammatory properties of SGLT2 inhibitors. Treatment with the SGLT inhibitor phlorizin in Psammomys obesus gerbils was shown to decrease islet inflammation, possibly related to the improvement in glucotoxicity (3). In type 2 diabetic mice, the SGLT2 inhibitor ipraglifloxin was shown to improve hyperglycemia, insulin secretion, hyperlipidemia, and liver levels of oxidative stress biomarkers and reduce markers of inflammation including IL-6, TNF-a, MCP-1, and CRP levels (80 
Metabolic Effects of Antiinflammatory Drugs
Targeted anti-inflammatory therapy has been suggested for both prevention and treatment of diabetes; this has previously been extensively reviewed (82) . Herein, we briefly summarize the current data on the metabolic effects of different anti-inflammatory treatments (Table 2) .
Anti-TNF-a TNF-a was the first proinflammatory cytokine implicated in the pathogenesis of insulin resistance and type 2 diabetes; this has been confirmed in preclinical studies in various animal models (2) . However, to date, TNF-a antagonism has not demonstrated any clear benefit in type 2 diabetes in man (83) (84) (85) (86) (87) . Careful analysis of these clinical studies suggests that all have serious limitations, as they were underpowered and of short duration (13) . A number of observational studies have demonstrated that treatment of subjects without diabetes and with inflammatory diseases, such as rheumatoid arthritis, psoriasis, and Crohn disease, with TNF-a antagonists has improved glycemia and reduced the risk for developing diabetes. While the majority of these studies are not prospective, and the improvement is not a direct effect on glucose metabolism necessarily but, rather, improvement in the underlying disease, these observations warrant a well-designed clinical study of TNF antagonism in patients with type 2 diabetes.
Anti-IL-1b
Since the discovery of the central role of IL-1b in the pathogenesis of type 2 diabetes, numerous studies have investigated the role of IL-1b blockade on insulin resistance and type 2 diabetes. To date, eight independent clinical studies conducted with an IL-1 receptor antagonist (anakinra) or IL-1b-specific antibody (gevokizumab, canakizumab, and LY21891020) have demonstrated beneficial effects on metabolic parameters including decreased HbA 1c and enhanced insulin sensitivity and b-cell secretory function, with concomitant improvement in inflammatory markers (82, (88) (89) (90) (91) . In a double-blind, placebocontrolled, parallel-group study involving 70 patients with type 2 diabetes, IL-1 blockade with anakinra reduced HbA 1c , CRP, IL-6 levels, and the proinsulin-toinsulin ratio, while enhancing C-peptide secretion, indicating improved b-cell function; these beneficial effects persisted up to several weeks after treatment cessation (92) . Although the duration of these studies does not provide definitive proof, the findings suggest a role for IL-1b blockade in modulating diabetesassociated inflammation and metabolic dysregulation. With regard to safety, IL-1b antagonism was generally well tolerated, with the main concern being that anakinra requires daily injections and often causes adverse reactions at the injection site. The humanized antibodies against IL-1b allow for monthly injections, which minimize these localized reactions.
Salsalate
Salsalate, a prodrug of salicylate, with fewer adverse reactions than aspirin and sodium salicylate, has demonstrated beneficial effects on glycemia and insulin sensitivity, probably through inhibition of the NF-kB pathway (93) . To date, there are seven independent clinical trials that consistently demonstrate improvement in glycemia with salsalate (94-100). These data support the role of inflammation and of the NF-kB pathway in the pathogenesis of type 2 diabetes that might become novel therapeutic targets for type 2 diabetes. Salsalate also reduces insulin clearance and may therefore partly improve glycemia via noninflammatory mechanisms. The safety of salsalate was studied in a well-designed multicenter, placebo-controlled study of 48 weeks' duration (96) . While the drug was well tolerated, a small increase in LDL cholesterol level was observed. Further, urinary albumin secretion was also increased and returned to baseline upon discontinuation of treatment. While salsalate may be an effective and inexpensive adjunct to type 2 diabetes treatment, further studies are needed to confirm its long-term cardiovascular and renal safety and to determine whether these effects are sustainable with continued administration. Antimalarials such as hydroxychloroquine (HCQ) are commonly used to treat autoimmune rheumatic diseases, including rheumatoid arthritis and lupus. The precise anti-inflammatory mechanism of HCQ is not known and is probably related to alkalinization of endosomal organelles in immune cells. HCQ has been shown to reduce the incidence of diabetes among patients with rheumatoid arthritis and lupus and to improve glycemia in patients with rheumatic disorders and diabetes (102, 103) . Animal studies have shown that antimalarials improve insulin secretion and peripheral insulin sensitivity in diabetic rats (104) . HCQ also has been shown to inhibit insulin degradation in rat hepatocytes (105) . A few small randomized controlled trials showed that HCQ lowers HbA 1c and LDL cholesterol levels in patients with type 2 diabetes (106-110). The mechanisms of hypoglycemia with HCQ are inferred from studies of the parent drug, chloroquine, which has been shown to increase insulin levels in man by both increasing insulin secretion and inhibiting its degradation (111 It also remains a challenge to adequately assess inflammation in man, since crude surrogate markers are being used, and it is currently difficult to appreciate tissuespecific variations in the level and type of inflammation. Preclinical studies in animal models are most helpful in this regard; however, it may be difficult to extrapolate from findings in animal models to the clinical setting. Finally, there are important questions as to the safety and cost of these treatments. Inflammation may have an important role in the development and progression of diabetes and its complications; however, the impact of experimental anti-inflammatory treatments on diabetes deterioration over time and cardiovascular outcomes is still elusive. To date, there is limited evidence showing that current antidiabetes medications have sustainable effects on glycemia and are able to prevent cardiovascular events. EMPA-REG showed that treatment with the SGLT2 inhibitor empagliflozin dramatically decreased cardiovascular mortality (81) . It is of great interest to see whether empagliflozin has anti-inflammatory effects and if this plays a role in mediating its effects on mortality. It remains to be shown whether anti-inflammatory treatments administered alone or together with current antidiabetes drugs can prevent the vascular complications of diabetes. Further studies are required to clarify the role of anti-inflammatory therapy in the management of type 2 diabetes. Better understanding of the inflammatory basis for diabetes may provide for improved modalities for diabetes prevention and treatment, using novel targeted approaches in conjunction with current pharmacologic and lifestyle interventions. 
